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Abstract—We present an experimental study of the magnetic microstructure in the nanocrystalline
hard magnet Tb. Field-dependent SANS data are analyzed quantitatively in terms of the correlation
function of the spin misalignment. We find that up to applied fields of several Tesla the magnetization
remains ‘locked in’ to the basal planes of the hcp crystal lattice of each individual crystallite; But that
the in-plane orientation of the spins is highly nonuniform within each particle. This internal structure
can be suppressed by the applied field.© 2001 Acta Materialia Inc. Published by Elsevier Science
Ltd. All rights reserved.
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Introduction

In nanocrystalline ferromagnets the orientation of the magnetization vector is highly nonuniform on the
nanometer-scale because at each grain boundary the set of crystallographic ‘easy axes’ for the
magnetization changes its orientation. Studying the detailed nature of this nonuniformity is of impor-
tance for understanding the dependence of the macroscopic magnetic properties of these materials on
the grain size. Micromagnetics computer simulations provide insight into this issue, but there are few
experimental data on the magnetic microstructure in the bulk of nanocrystalline ferromagnets. In fact,
small-angle neutron scattering (SANS) appears to be the only known technique with a potential to
resolve the magnetic microstructure in the bulk and on the length-scales of interest, few nm to few
hundred nm. SANS experiments have been carried out on essentially soft magnetic nanocrystalline
samples of the elemental transition metals Fe, Ni, and Co (1,2,3,4), and on nanocrystalline soft magnets
crystallized from glasses (5). Recently, such data were combined with a general theory for magnetic
SANS by ferromagnets near saturation based on a micromagnetics model (6), an approach that supplies
quantitative data on the magnetic microstructure, the exchange-stiffness constant, and the magnitude
and microstructure of the magnetic anisotropy (4). However, nanocrystalline hard magnets have not
previously been studied by SANS. In this paper, we present the first such study, an investigation of
nanocrystalline Tb. The data are analyzed in terms of a correlation function of the spin misalignment.
We summarize some of the relevant equations (for a detailed derivation see (7), and discuss experi-
mental results and their implications.
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Correlation Function and Correlation Length

A correlation function,C(r), of the spin misalignment can be defined by

C~r ! 5 ms
22 V21 EEE ~M ~x! 2 ^M &! z ~M ~x 1 r ! 2 ^M &!d3x, (1)

whereM(x) represents the magnetization and^M&, mS, andV denote, respectively, the macroscopic
magnetization, saturation magnetization, and sample volume.C(r) is related to the Fourier transform
m(q) of the reduced magnetization, (M(x) 2 ^M&)/mS, by

C~r ! 5 V21 EEEum~q!u2exp~iqr!d3q. (2)

A rigorous evaluation ofC(r) may require that the complete information on the orientation and
magnitude of the vectorm as a function of the orientation and magnitude of the wavevectorq is
measured. In general, this immense data base will not be available, but useful information onC(r) can
still be derived from experimental scattering cross-sections. We have evaluated two limiting cases,
namely (i) the isotropic case, e.g. a texture-free soft magnet at vanishing applied fields and (ii) the case
of a nearly saturated texture-free ferromagnet. In (i), the vectorm takes on all orientations with equal
probability, and independent of the orientation ofq, whereas in (ii) the vectorm is confined to the plane
normal to,M., with a constant expectation value independent of the orientation ofq. In both cases
C is isotropic,C 5 C(r), and

C~r ! 5 4p V21 r21 E
q50

`

q m2~q! sin~qr!dq. (3)

The scattering cross-section due to the static spin misalignment is (6)
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wherea denotes the angle included bym andq, bmag is the atomic magnetic scattering length, andsa

the atomic density. We have computed the appropriate averages of sin2a over the allowed orientations
of m and q, and have solved the resulting equation for the radial average scattering cross
section,dS# M/dV for m2(q). Substituting the result in Eq. (3) yields

C~r ! 5 a~2p2 bmag
2 ra

2r !21 E
q20

`

q
dS# M

dV
~q!sin~qr!dq, (5)

with a 5 3/2 anda 5 16 /(3ğ) for case (i) and (ii), respectively. In spite of the quite different
orientation-distributions ofm these results agree to within less than6 10%. In our data analysis we used
an average value,a 5 1.6.

A correlation length,lC, of the spin misalignment is defined bylC 5 21/[dln(C)/dr]r30. In
particular, this definition yieldslC when the correlation decays exponentially,C(r) } exp(-r/lC).
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Experimental Results and Discussion

The bulk sample of nanocrystalline Tb was prepared by the inert-gas condensation and consolidation
method. X-ray diffraction shows that the material is hcp and a mean grain size ofD 5 962 nm is
obtained by analysis of the integral widths of the Bragg reflections, correcting for microstrain
broadening. Archimedes density measurement yields 9563% of the literature value for conventional
coarse-grained Tb. Measurements of the macroscopic magnetization with a vibrating sample magne-
tometer at temperatures between 10 K andTC show that the sample cannot be saturated with applied
fields of 9 T. The coercive field was found to be 530 mT (54 mT) at T5 10 K (200K), and
AC-susceptometry indicates that the Curie temperature isTC 5 223.2 K, close to the literature value of
220 K (8).

The SANS experiments were carried out with an unpolarized beam of wavelengthl 5 0.6 nm at
instrument V4 at the Berlin Neutron Scattering Center (BENSC) equipped with a 5 T vertical field
cryomagnet. The scattering data was corrected in the usual way for dark current and for the scattering
by the cryostat windows, normalized with a water standard, and radially averaged. Figure 1 shows
dS# /dV at T 5 5 K and 200 K for applied magnetic fieldsm0H 5 0 and 4.5 T. Also shown isdS# /dV
at m0H 5 0 andT 5 260 K, in the paramagnetic state, where the experiment measures the nuclear
scattering cross section due to the porosity. It is seen, that at all fields the scattering cross-section in the
ferromagnetic state is considerably higher than that in the paramagnetic state and is therefore dominated
by the magnetic scattering, whereas the nuclear contribution is small. It is also seen, that the effect of
increasingH on the scattering cross section is dramatically different from the case of soft magnets,
where applied fields of 2 T have been found to align the magnetization with the field direction, thereby
reducing the magnetic scattering by several orders of magnitude (2,4). By comparison,dS# /dV in Tb is
seen to depend only weakly onH, indicating that the maximum applied field of 4.5 T is insufficient to
align the spins. What is more, the scattering curves exhibit a ‘cross-over’ at aboutq 5 0.2 nm21, in

Figure 1. (a) Experimental differential scattering cross-sectiondS# /dV versus modulusq of the scattering vector for applied
magnetic fieldsm0H 5 0 (closed symbols) andm0H 5 4.5 T (open symbols).(b) Correlation functionC(r) at T 5 200K and at
variousH. (c) Correlation lengthlc versus applied fieldH at T 5 5 K andT 5 200 K.
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other words, increasingH has the quite counterintuitive effect to increase the scattering contrast at small
q.

We compute the pore scattering in the ferromagnetic state based on the 260 K data, correcting for
the change in the combined nuclear and magnetic scattering cross-section of a pore when the
surrounding material orders ferromagnetically. This data was subtracted form thedS# /dV at T,TC to
obtain the magnetic scattering cross-section due to the spin misalignment,dS# /dV, and the correlation
function computed by combiningdS# /dV with Eq. (5). Fig. 1b showsC(r) atT 5 200 K. The correlation
is seen to exhibit a strongly field-dependent decay at smallr. We have estimated the correlation length
from the logarithmic derivative ofC(r) in the limit of small r. For the 200 K data the result, Fig. 1c,
shows that after an initial droplC increases, from its minimum value of 2.6 nm to 5.3 nm atm0H 5 4.5
T. At T 5 5 K lC is even smaller, with a weaker field-dependence and with minimum a value close to
the experimental resolution of about 2 nm.

If the spins were aligned in parallel within each grain then, for idealized spherical grains (9), C(r) 5
1–3r/2D1r3/2D3 and, hence,lC 5 2D/3, or lC 5 6 nm for the experimental grain size. AtT 5 200 K
this value agrees with the experimentallC at large applied field, indicating that the moments in each
individual crystallite are nearly aligned in parallel atm0H 5 4.5 T. At this field, the scattering cross
section is large, indicating strong misalignment of moments. In Tb, the ‘easy axes’ of the magnetization
are in the hexagonal basal plane and a large applied field, about 20 T (8), is required to align the
magnetization with the c-axes, suggesting that the net magnetization of each particle remains locked in
to the hexagonal basal plane. When the field is reduced,lC decreases, indicating that the magnetization
gets less uniformwithin each grain. Since the in-plane anisotropy of Tb is much weaker than the
out-of-plane one this suggests that across a particle the in-plane orientation ofM varies. This is
somewhat similar to the helical spin structure of antiferromagnetic Tb, but without the crystallographic
order. A likely origin for the internal structure in the nanocrystalline material is a ‘frustrated exchange’
interaction with the magnetization in the various neighboring grains of different crystallographic
orientation. At T 5 5 K, higher applied fields are required to overcome the stronger exchange
interaction and the higher in-plane anisotropy, hencelC has a weaker field-dependence.

A final comment relates to the unusual ‘cross-over’ of the scattering curves. The most obvious effect
of an increased applied magnetic field on the magnetization is to align all the spins more parallel,
thereby reducingdS# /dV, contrary to what we observed at smallq. We have argued that the field induces
little re-alignment for the long-wavelength (smallq) fluctuations because the net orientations of
moments on a scale of the grain size and on larger scales are fixed, locked in to the basal planes of each
grain. However, as the moments inside each individual particle are progressively aligned by the applied
field the magnitudeof the net magnetization of each particle increases, and thereby the scattering
contrast is enhanced even though themisalignmentof the net moment remains a constant. When the
orientations are fixed then this latter effect dominates the field-dependence of the scattering pattern, and
leads to the observed increase ofdS# /dV with increasing magnetic field.
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